Introduction
Plaster is a widely adopted material in buildings. However, since the manufacturing of cement, a common component material in plaster, involves heating limestone and emits a lot of carbon dioxide, there is inherent problem pertaining to plaster that it is associated with a large amount of embodied energy and carbon footprint. One strategy to solve the problem is to employ quartz sand, an economic and abundant natural resource, to partially replace cement for plaster production to directly reduce the embodied energy and carbon footprint. To investigate the feasibility of practical use of quartz sand in plaster and quantify the effect on reducing the embodied energy and carbon footprint, a total of 30 plaster mixes with quartz sand content varying from 0% to 20% at various water/solid ratios were produced for laboratory testing, and the embodied energy and carbon footprint of each plaster mix were quantitatively estimated. Results demonstrated that the incorporation of suitable quartz sand in plaster could improve the workability for mixing and trowelling and reduce the embodied energy and carbon footprint as well as the cost at the same time.
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Cement plaster is a mixture of suitable plaster, sand, Portland cement and water. It is normally applied to masonry interiors and exteriors to achieve a smooth surface. As a widely used material, the cement plaster brings about major concern of sustainable development for the high embodied energy and carbon footprint derived mainly from cement manufacturing. Researchers have devoted enormous efforts to improve the environmental-friendliness and reduce the cost of cement plasters. The research findings in recent years are briefly introduced as follows. Rodríguez et al. (2013) had tried adding ladle furnace slag into the plaster and experimentally showed that employing ladle furnace slag as a mineral aggregate would led to increase in density, vapour permeability, porosity, and decrease in adherence, durability and mechanical strength proportionately to the amount of plaster substituted by the ladle furnace slag. Their economic study also suggested that the ladle furnace slag is viable in terms of cost-effectiveness and may be applied as plaster mortars for use in masonry. Aciu et al. (2014) illustrated that adding paper waste into plaster mortar could produce mortar with compressive strength falling in the respective range of category CS I or CS II in accordance with British Standard BS EN 998-1. Molnar et al. (2015) proved that using waste glass at 25% and 50% sand replacement levels yielded comparable physical and mechanical properties to the control sample and were the most suitable as plaster mortars, and they concluded that such mortars containing waste glass can be used as plaster mortars. Andres et al. (2016) attempted to prepare plaster with clay and straw, which is waste from agriculture and most often is burnt in the fields with carbon dioxide emitted. They found that addition of straw would lower the mechanical strengths. Molnar and Manea (2016) demonstrated that the plaster mortar with 15% substitution of cement by marble powder has a 28-day compressive strength of approximately 56% of the control plaster mortar mix without marble powder added. They concluded that replacing cement with marble powder can lower the cost of plaster mortar while all values of specific characteristics properties could meet the limits imposed by the standards. Torres and Matias (2016) reported that replacing sand with residuals from brick or roof tiles or pottery in plaster mortar could result in even higher compressive and flexural strengths. Bicer and Kar (2017) showed that employing waste expanded polystyrene foam as filling materials in the plaster with resin added to the gypsum could save the building heating and cooling energy at the cost of a lower compressive strength.
To lower the embodied energy and carbon footprint of plaster, the content of energy and carbon intensive ingredient, i.e. cement in the plaster shall be reduced with the workability and strength maintained to meet the practical requirements. Particularly, BS EN 998-1 sets minimum compressive strength value to be 0.4, 1.5, 3.5 and 6 MPa for categories CS I, CS II, CS III and CS IV mortar, respectively. As quartz is the second most abundant mineral only behind feldspar in Earth's continental crust (Anderson and Anderson 2010) , the use of quartz sand as cement replacement could be a wise strategy for production of environmental-friendly and economical plaster. However, literature review showed that so far there has been very little study on the possibility of using quartz sand as cement replacement for plaster production.
In the present study, the quartz sand was added as partial cement replacement and its effects on the workability and strength were evaluated by trial mixing at different water/solid (W/S) ratios, and the embodied energy and carbon footprint of each sample mix were calculated. Finally, the viability of such strategy of using quartz sand as partial cement replacement for plaster production is discussed and appraised.
Both the ordinary Portland cement (OPC) and quartz sand were obtained in Guangdong Province of China. The OPC was of strength class 32.5N. The quartz sand used in this study is normal quartz sand ground from natural quartz stone in China. Its chemical composition is mainly SiO 2 . The solid densities of the OPC and quartz sand had been measured in accordance with British Standard BS EN 1097-3: 1998 as 3100 kg/m 3 and 2600 kg/m 3 , respectively. The specific surface area of the OPC was calculated as 1.14×10 6 m 2 /m 3 (equivalent to 368 m 2 /kg) based on the particle size distributions measured by a laser diffraction particle size analyzer. The median particle size value of the OPC was measured to be 9.34 μm, while the quartz sand was finer than 180 μm according to the supplier. The embodied energy and carbon footprint of all the materials used are tabulated in Table 1 .
Materials Experimental programme
In this study, a total of 30 plaster mixes with and without quartz sand were produced for workability and strength measurement. The quartz sand content, expressed as a percentage by mass of solid in plaster, was varied from 0 to 20% in increments of 5%; whereas the W/S ratio, expressed as a ratio by mass, was varied from 0.35 to 0.60 in increments of 0.05. Hence, there were 5 different quartz sand contents and 6 different W/S ratios. Altogether 5×6 = 30 mixes were produced for
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testing. All sample preparation and testing procedures were carried out in a laboratory maintained at a temperature of 24±2°C.
The workability of the plaster mixes is represented by the semi-dynamic and dynamic flowability, which could reflect the ease of trowelling. The semi-dynamic flowability was measured in terms of the flow spread using the mini slump cone test (Okamura et al. 2000) . The dynamic flowability was measured in terms of the flow rate using the Marsh cone test (Aїtcin 1998). The mini slump cone adopted was the same as that used by Okamura and Ouchi (2003) , whereas the Marsh cone adopted was the same as that specified in British Standard BS EN 445: 1997. To measure the strength, three 70.7 mm cubes were made from each plaster sample. The cubes were made by placing the fresh mix into a cube mould. At one day after casting, the moulds were removed. The strength result of each plaster mix was taken as the average strength of three cubes tested at the same time.
Workability
The flow spread results are plotted against the W/S ratio for various quartz sand contents in Fig. 1 . From the flow spread curves, it is evident that the addition of quartz sand as cement replacement gradually increased the flow spread of the plaster mix. For instance, the addition of 20% quartz sand increased the flow spread from 23.0 to 77.5 mm at a W/S ratio of 0.40 and increased the flow spread from 147.5 to 171.0 mm at a W/S ratio of 0.50. During the flow spread measurement, no bleeding occurred for all the plaster mixes in this study. This observation indicated that at a W/S ratio not Fig. 1 Variation of flow spread with W/S ratio at various quartz sand contents higher than 0.60, the addition of up to 20% quartz sand as cement replacement could improve the workability and would not lead to bleeding.
Likewise, the flow rate results are plotted against the W/S ratio for various quartz sand contents in Fig. 2 . From the flow rate curves, it is obvious that the addition of quartz sand as cement replacement gradually increased the flow rate of the plaster mix. For instance, the addition of 20% quartz sand increased the flow rate from 36.3 to 72.8 ml/s at a W/S ratio of 0.50 and increased the flow rate from 65.3 to 94.7 ml/s at a W/S ratio of 0.60. The increase in flowability due to the addition of quartz sand may be attributed to the significant decrease in specific surface area of the solid when cement was partially replaced by quartz sand, which at the same water content tends to increase the water film coating the solid particles in the plaster mix.
Generally, the increase in both flow spread and flow rate were proportionally larger at low W/S ratio. This is because addition of quartz sand would increase the packing density of the solid mix by widening the particle size distribution range, and would at the same water content provide proportionally more excess water (the water in excess of that required to fill voids between solid particles) at low W/S ratio (Kwan and Chen 2013).
Strength
The 28-day compressive strength results are plotted against the W/S ratio for various quartz sand contents in Fig. 3 . Results showed that the strength decreased as the W/S ratio increased, and that the addition of quartz sand as cement replacement decreased the strength. These observations are in accordance with the expectations. It is noted that the decrease in strength due to addition of quartz sand was proportionally larger at higher W/S ratio. This is because at low W/S ratio, water would be the limiting reactant of hydration reaction and there would be relatively large amount of unhydrated
Fig. 3
Variation of 28-day strength with W/S ratio at various quartz sand contents In Fig. 3 , a dotted line is drawn at the strength level of 6 MPa, which is the required strength of mortar to be classified as the highest category CS IV according to BS EN 998-1. It should be noted that a compressive strength below 6 MPa may still satisfy the requirements of other categories, for example, category CS I requires a strength of 0.4 to 2.5 MPa and category CS II requires a strength of 1.5 to 5.0 MPa. It can be seen from the results that addition of quartz sand up to 20% at W/S < 0.50 or up to 10% at W/S < 0.60 could produce plaster mixes meeting the strength requirement of category CS IV. All the plaster mixes produced in this study meet the strength requirement of at least category CS II.
Embodied energy and carbon footprint
The manufacturing of cement involves heating of limestone to incept fusion of clinker. This process emits a lot of carbon dioxide and aggravates global warming. According to Mehta and Walters (2008) , the production of one ton of cement releases approximately 0.75 ton of carbon dioxide gas. On this basis, Mehta and Meryman (2009) estimated that cement production accounts for 6-7% of the total global greenhouse gas emission from all anthropogenic sources. This situation may become even worse because the economic growth of developing countries is likely to boost the demand of cement. Compared to cement, quartz sand is more energy efficient and environmental-friendly. Typical values of embodied energy and carbon footprint per unit weight of OPC, quartz sand and water are listed in Table 1 (Hammond and Jones 2008) . Clearly, by replacing part of the cement with quartz sand, the embodied energy and carbon footprint of plaster can be substantially reduced. Such beneficial effects are quantitatively evaluated in the following.
The embodied energy of the plaster mixes is evaluated and plotted against the W/S ratio for various quartz sand contents in Fig. 4 . Results showed that addition of 20% quartz sand could reduce the embodied energy by 17.3% to 17.7% for the range of W/S ratios adopted in this study.
Likewise, the carbon footprint of the plaster mixes is evaluated and plotted against the W/S ratio for various quartz sand contents in Fig. 5 .
Results showed that addition of 20% quartz sand could reduce the carbon footprint by 20.5% to 20.9% for the range of W/S ratios adopted in this study.
Fig. 4
Variation of embodied energy with W/S ratio at various quartz sand contents It is apparent from the above results that the use of quartz sand as cement replacement in plaster production would improve the workability, lower the strength, reduce the embodied energy and carbon footprint. From the practical perspective, a relatively high workability is beneficial for the mixing and trowelling processes, while the strength is less important given that the required min- imum strength is achieved.
To gain insight into the relationship between workability and other properties of plaster, the variation of 28-day strength with flow rate performance at various quartz sand contents is plotted in Fig. 6 , in which the dotted line indicates the minimum strength requirement of category CS IV mortar, i.e. 6 MPa. The concurrent strength and flow rate performance curves show that rational addition of quartz
Fig. 6
Concurrent strength and flow rate performance sand to produce plaster can under a necessary strength requirement improve the workability for easier and homogeneous mixing and handling, and reduce the embodied energy and carbon footprint.
The variations of embodied energy and carbon footprint with flow rate performance at various quartz sand contents are plotted in Fig. 7 and Fig. 8 , respectively. These concurrent embodied energy/carbon footprint and flow rate performance curves indicate that the use of quartz sand can significantly lower the energy cost and carbon dioxide emission for sustainable development with even improved workability. Overall, the use of quartz sand for plaster production could under a necessary strength requirement improve the workability, reduce the em- bodied energy and carbon footprint, and reduce the cost at the same time.
Finally, it is the authors' view that the use of quartz sand for performance improvement and sustainable development should not be limited to plaster. In fact, since the quartz sand has a particle size larger than the OPC and smaller than fine aggregate, it should be able to increase the packing density of solid skeleton in the mortar and mortar phase in concrete, and thus improve the performance (Aїtcin et al. 2016) . Future research along this line is highly recommended.
Conclusions
Experimental investigation on using quartz sand to produce low embodied energy and carbon footprint plaster has been performed. On the basis of the experimental results, it is concluded that the rational use of quartz sand as cement replacement can, under a necessary strength requirement of given mortar category, improve the workability to ease the mixing and trowelling, reduce the embodied energy and carbon footprint for better sustainability, and at the same time reduce the cost for more affordable construction. Further research to capitalise the beneficial effects of utilising quartz sand is recommended.
